Most techniques for assessing cell division can either detect limited numbers of cell divisions (bromodeoxyuridine incorporation) or only quantify overall proliferation (tritiated thymidine incorporation). In the majority of cases, viable cells of known division history cannot subsequently be obtained for functional studies. The cells of the immune system undergo marked proliferation and differentiation during the course of an immune response. The relative lack of an organized structure of the lymphohaemopoietic system, in contrast with other organ systems, makes lineage interrelationships difficult to study. Coupled with the remarkable degree of mobility engendered by recirculation, the differentiation occurring along with cell division in the immune system has not been readily accessible for investigation. The present article reviews the development of a cell division analysis procedure based on the quantitative serial halving of the membrane permeant, stably incorporating fluorescent dye carboxyfluorescein diacetate succinimidyl ester (CFSE or CFDA, SE). The technique can be used both in vitro and in vivo, allowing eight to 10 successive divisions to be resolved by flow cytometry. Furthermore, viable cells from defined generation numbers can be sorted by flow cytometry for functional analysis.
Introduction
The technique for analysing cell division using serial dilution of the fluorescein-based dye carboxyfluorescein diacetate succinimidyl ester (CFSE), described in 1994, 1 developed from our attempts to achieve long-term tracking of intravenously transferred lymphocytes. Previously, workers in the Parish laboratory at the John Curtin School of Medical Research had successfully tracked lymphocytes in vivo for 8 weeks using CFSE, 2 a membrane-permeant dye that covalently attaches to free amines of cytoplasmic proteins. However, one of our aims was to combine fluorescein-based CFSE staining with an antibody against fluorescein, thereby allowing the position of CFSE-labelled lymphocytes to be determined many weeks after transfer. During the process of investigating the longevity of CFSE-labelled lymphocytes after transfer using flow cytometry, I noted a small but significant number of events that had one-half, one-quarter and one-eighth of the fluorescence of the majority of events, as shown in Fig. 1 . Simultaneous staining with a B cell-specific antibody revealed the events of decreased fluorescence intensity to be confined to the B cell compartment. 1, 3 Such a pattern could most adequately be explained by cell division.
Demonstration that cell division is responsible for CFSE serial dilution
To formally demonstrate that the dilution of the fluorescence was due to cell division, CFSE staining was used in conjunction with the well-established Hoechst quenching method. Bromodeoxyuridine (BrdU) is incorporated into the DNA of dividing cells, which allows the identification of up to two rounds of cell division because BrdU-substituted DNA quenches the fluorescence of the DNA-binding dye Hoechst 33342. Figure 2 shows that, as predicted, cells with half and one-quarter the fluorescence intensity of CFSE fell within the first and second cell divisions identified by the Hoechst quenching technique.
Long-term survival and division tracking of transferred lymphocytes using CSFE
Due to the exquisite sensitivity of modern flow cytometers, CFSE-labelled murine lymphocytes transferred intravenously to syngeneic recipients can be tracked in vivo for at least 6 months. After transfer, spleen cell suspensions were stained with anti-CD45R-phycoerythrin (PE) to identify B cells. 
Special Feature
Divided we stand: Tracking cell proliferation with carboxyfluorescein diacetate succinimidyl ester resolution of at least two division cycles is possible (Fig. 3f) , demonstrating the ability of this technique to allow the analysis of long-term survival and proliferative behaviour of transferred lymphocytes. Studies into the longevity and proliferation behaviour of T lymphocytes are beginning to provide insight into the still controversial areas of immunological memory and immune class regulation. [4] [5] [6] [7] Independent assessment of cell division within subpopulations of lymphocytes is possible using CSFE One of the major advantages of the CFSE division technique is that dividing cells can be identified in complex mixtures by immunophenotyping with appropriately conjugated monoclonal antibodies. Because CFSE acquires identical spectral characteristics as fluorescein when carboxyl groups are cleaved by cytoplasmic esterases, it is efficiently excited by the 488 nm argon laser standard in most flow cytometers, allowing concurrent use of fluorochromes including phycoerythrin (PE) and tandem dyes such as PE/Texas Red and PE/Cy5 or peridinin chlorophyll-alpha protein (PerCP). Even more complex studies can be performed using multilaser instruments, allowing further fluoro-chromes such as allophycocyanin (APC) to be used. Figure 4 shows the response of murine splenic lymphocytes to different combinations of anti-CD3 and bacterial lipopolysaccharide, demonstrating the power of this technique used in vitro. Table 1 , derived from the data generated from Fig. 4f , demonstrates the fidelity of partitioning of CFSE fluorescence over a number of cell divisions. This approach has also been used to probe for differentiation changes in homogenous populations of cells given appropriate stimulus, such as B lymphocyte differentiation and isotype switching, [8] [9] [10] [11] T lymphocyte differentiation, 4, 5, 12 differentiation of haemopoietic precursors 13 and NK cells 14 and in evaluation of clinically relevant antigen-specific responses of human peripheral T cells 15 (see also further reviews in this issue).
Carboxyfluorescein diacetate succinimidyl ester can be used to label populations of lymphocytes at different fluorescence intensities, allowing them to be independently tracked in vivo
A major feature of CFSE staining is the ability to manipulate the final fluorescence intensity of a stained population of cells. As the fluorescence intensity obtained is directly proportional to the CFSE concentration during the staining process, as well as the duration of staining, it is possible to differentially label two or more cell populations. Figure 5 illustrates an experiment where murine lymphocytes were 'fully' labelled with CFSE, or labelled using one-quarter or one-sixteenth of the CFSE concentration during staining. Equal numbers of fully and one-quarter or one-sixteenth labelled cells were mixed and cells injected into recipient mice. After 4 days, spleens were removed and suspensions made. After staining with a PE-conjugated B cell-specific antibody (CD45R), events above a threshold of CFSE fluorescence were collected by flow cytometry. Figure 5 (lower panels) shows that the two populations can be independently tracked in vivo. Antibody staining allows even more complex analyses to be achieved, as shown in Fig. 5 (upper panels) where four cell subpopulations are tracked. This approach has been successfully used to determine the behaviour of transgenic B cells specific for hen egg lysozyme (HEL) after transfer into different antigenic environments, using quarter CFSE labelled non-transgenic B cells as an injection control, allowing accurate measurement of cell survival and migration. 16 It is also possible to analyse cell division under these conditions, provided antibodies are available to distinguish between the different transferred populations. 16 
Labelled lymphocytes maintain identical fluorescence characteristics in vitro and in vivo
As seen in Fig. 3a , CFSE fluorescence intensity in nondivided cells declines slowly over time due to catabolism. In some in vivo experiments, especially those using transgenic T and B cells, the majority of transferred cells may undergo division. Therefore, it is important to be able to determine the fluorescence intensity of non-divided cells to enable kinetic analyses to be performed. Figure 6 shows data from an experiment where labelled splenic lymphocytes are both transferred to syngeneic recipients, and set up in culture under different conditions. Over a typical time course of 3 days, the peak of undivided cells has the same fluorescence intensity in vitro or in vivo, allowing combined in vivo/ in vitro experiments to be performed.
Discussion
Since its introduction in 1994, the CFSE dye dilution technique has become the method of choice for investigating cell division-linked differentiation of lymphocytes and 18 ). Carboxyfluorescein diacetate succinimidyl ester is equally partitioned between daughter cells with remarkable fidelity. With a uniformly sized starting population, such as resting B or T lymphocytes, more than eight sequential cell divisions can be visualized without the need for computer-based deconvolution. 8 In addition to being able to explore cell surface molecule changes linked to cell division, the technique has also been combined with techniques measuring production of bioactive materials such as cytokines, 4, 5 as well as with uptake of BrdU to allow rates of division to be determined. 9 A major advantage of the technique is the ease in which viable cells of defined generation number can be obtained by flow cytometric cell sorting for functional investigations. An everexpanding group of different cell types have proved amenable to study by this technique, including T and B lymphocytes, NK cells and haemopoietic precursors. The ability to use the technique for both in vivo and in vitro studies has greatly enhanced our understanding of the immune system at the individual cell level.
Figure 5
Differential labelling with carboxyfluorescein diacetate succidimidyl ester (CFSE) allows two populations of lymphocytes to be tracked simultaneously in vivo. Murine splenocytes were stained with CFSE at a final concentration of 5 µmol/L (fully labelled), 1.25 µmol/L (one-quarter labelled) and 0.3125 µmol/L (one-sixteenth labelled) for 10 min at 37°C. After washing away excess stain, equal quantities of fully labelled and one-quarter or one-sixteenth labelled cells were mixed and 3 × 10 7 cells injected intravenously into syngeneic BALB/c recipients. After 4 days, spleen suspensions were prepared and stained with a phycoerythrin (PE)-conjugated anti-CD45R B cell specific antibody and CFSE-labelled events collected for analysis. The upper pair of dot plots represent the coinjected fully and one-quarter labelled cells (a) and the fully and one-sixteenth labelled cells (b) stained with anti-CD45R-PE. Note that due to the intensity of CFSE fluorescence at 4 days, adequate compensation between the PE and CFSE collecting channels is not possible. However, by day 6 the fluorescence has dropped sufficiently to allow complete compensation (not shown). The lower panels are histograms of CFSE fluorescence derived from the upper panels, demonstrating the accuracy of resolution of the coinjected populations. FL1, green fluorescence, logarithmic scale. 
